A model for calculating crystallization temperature (T x ) of multicomponent metallic glasses is proposed by modifying the Miedema's model which is used for calculating T x of binary systems. The calculations were carried out for nearly 900 metallic glasses including 470 binary and 398 ternary alloys. In the present model, the cavity formation energy (∆H for cavity ) for multicomponent metallic glasses was theoretically derived on the basis of the Miedema's model. The equation for expressing the relation between experimental T x and theoretical ∆H for cavity was statistically analyzed by the least-squares method, yielding T x = 4.16 × ∆H for cavity + 318. The binary and ternary systems tend to show different equations between T x and ∆H for cavity . The inherent equation in each system was analyzed as simultaneous achievement of the increase in stability of metallic glasses and decrease in ∆H for cavity due to multicomponent alloying. Furthermore, the glass-forming ability was predicted by reduced crystallization temperature instead of reduced glass transition temperature. As a result, it was found that reduced crystallization temperature can be calculated close to reduced glass transition temperature except for Pt-, Pd-and La-based systems. It is of great importance that T x can be calculated for multicomponent metallic glasses by semi-empirical method.
Introduction
Recently, a number of metallic glasses have been found in multicomponent alloy systems by using several solidification techniques 1) which make atomic random configurations of liquid phase freeze into a solid state. By this freezing mechanism, the metallic glasses are fabricated in a non-equilibrium state; hence, any metallic glass transforms to an equilibrium state on heating. This transformation can be measured as heat release at a certain temperature when a metallic glass is heated in a calorimeter. The exothermic heat flow is due to the transformation of the metallic glass to a state of lower energy, i.e., a crystalline phase.
A metallic glass loses its excellent properties which is caused by an atomic dense random packing structure in a single phase. However, it has been reported 1) that mechanical, magnetic and some other properties can be improved when an alloy is formed in a nanostructured material consisting of nanometer-size crystalline and residual glassy phases. For generating the nanostructured materials, metallic glasses should be annealed under optimal conditions with respect to time and temperature. Consequently, controlling the crystallization process of metallic glasses is an important subject not only experimental but also theoretical points of view as well.
Theoretical approaches to analyze the crystallization temperature (T x ) of metallic glasses have been conducted on the basis of the Miedema's model. 2, 3) For instance, Buschow and Beekman, 3) Buschow [4] [5] [6] [7] [8] and Weeber 9) calculated T x for exceeding 200 binary systems by analyzing the equation between T x and cavity formation enthalpy (∆H for cavity ). However, these analyses were limited to binary systems because of the definition of the Miedema's model which is developed for binary systems. Accordingly, no analyses have been conducted for the multicomponent systems, though nearly 350 ternary metallic glasses had been found until 1997. 10) Therefore, there exist great needs to develop an applicable model for calculating T x of multicomponent systems.
The purpose of this paper is to develop a model for calculating T x of multicomponent metallic glasses by modifying the Miedema's model.
Calculation Method

Model for binary systems
The Miedema's model 2, 3) is a method which is used for calculating T x of binary systems from ∆H for cavity of the size of the mobile atom. The underlying idea of this model is that the glass will crystallize when enough holes are being formed with the size of the smaller atom in a binary system. The formation of the holes enables the smaller atom to migrate, and then the migration causes crystallization. In accordance with the Miedema's model, ∆H 
with a concentration c i of the i-th element. 
Model for multicomponent systems
On the basis of the binary model mentioned above, we first developed a modified model applicable to ternary systems designated by A x B y C z whose total amounts of moles of atoms are unity (x + y + z = 1). Let us assume that atomic configurations of the ternary system can be expressed by the sum of the statuses of three binary subsystems as illustrated in Fig. 1 . This assumption allows us to express ∆H for cavity for the ternary system as eq. (3):
Here, ∆H for (i) is a cavity formation enthalpy of pure i-th element. As shown in eq. (3), the right-hand side in eq. (3) consists of two bracket-terms. The first one expresses the sum of ∆H for cavity for each sub-binary system corresponding to the illustration in Figs. 1(b)-(d), and the second one indicates the subtraction terms due to overestimation. The multiplication term in the first bracket, e.g., (x + y)∆H for (A x B y ), consists of two terms: ∆H for (A x B y ) term calculated by eq. (1) with a dimension of kJ/mol, and x + y term expressing moles of atoms existing in Fig. 1(a) . The subtraction terms in the second bracket in eq. (3) should be taken into account because of the duplication of each constituent element shown Fig. 1 .
One can confirm the necessity of the terms in the second bracket of eq. (3) by deducing the system from a ternary to a binary one. Let us now consider a binary alloy system (A x B y ) which is expressed by z = 0 in the A x B y C z system. Putting z = 0 on the right-hand side of eq. (3) yields a right formulation such as ∆H for = ∆H for (A x B y ). Thus, eq. (3) can express the ∆H for cavity for binary systems, indicating the validity of the second term in eq. (3).
Then, we extended eq. (3) from a ternary to a multicompo- nent system according to recurrence relations. As a result of extending, we obtained eq. (4),
Ai xi N -components metallic glass
for a N-component metallic glass. Here, A i denotes the i-th element having the composition, x i , where
The validity of eqs. (3) and (4) cannot be determined as a function of the concentration of the system. In order to clarify this contradiction, we now consider a La-Al-Ni ternary system of which the molar volume of the elements are in the order of
2, 3) The reason for selecting the La-Al-Ni system will be mentioned in Section 4.2. Figure 2 shows ∆H for cavity for La-Al, Al-Ni and Ni-La sub-binary systems. The dotted and broken lines indicate ∆H for cavity 's, which are calculated at the site of the smaller and the larger atom in each system, respectively. Between the two ∆H for cavity 's, ∆H for cavity calculated at the site of the smaller element is to be related with T x according to the definition described in 2.1. That is, Ni site for Ni-La system, Al site for La-Al system, and Ni site for Al-Ni system. From Fig. 2 , it is apparent that ∆H for cavity becomes discontinuous at the concentrations of pure La and Al. This discontinuity implies that ∆H for cavity cannot be determined as a function of composition when the system is extended from three sub-binary systems to a ternary system. In order to solve this contradiction, an exponential function with power series, c 
The exponent terms with respect to c n i (i = A or B) in eq. (5) is based on an assumption that the two sizes formed in a binary system affect ∆H for cavity , which is similar to the mechanism of mutual diffusion theory. 11) In the present study, the exponent n in eq. (5) is fixed as n = 10. The reason for se- lecting n = 10 will be discussed in Sections 4.1 and 4.2. Thus, ∆H for cavity can be calculated by eq. (5) as a function of composition even for the multicomponent systems.
Calculation systems
Since the present model as well as the Miedema's model does not give T x theoretically, experimental data on T x were quoted from 531 binary alloys of 98 systems, [4] [5] [6] [7] [8] [9] 12) and 627 ternary alloys of 107 systems. Tables 1 and 2 summarize the binary and ternary alloy systems whose values of T x were calculated in the present study. Figure 3 shows the plots between ∆H for cavity and T x for 533 binary systems. One can divide the plots into groups (I) and (II) with the broken line. The alloys belonging to group (I) are mostly prepared by melt spun. The alloys belonging to group (II) are amounted to be 63 which are listed as dismissible alloy systems (Au-Fe, 12) Au-Co, 12) ), superconducting alloys (Nb-Zr 12) ), high melting temperature systems (Mo-based alloy, 12) Re-Ta, 12) Re-W 12) and Ta-W 12) ) and so on. Most of these alloys were prepared by splat quenching (SQ) or vapor deposition (VD). Since the T x 's of the alloys of group (II) is extremely low compared with those of the alloy in group (I), these alloys are considered to be out of the application of the linear relationship between T x and ∆H for cavity . This is supported by the discussion 2) on the applicability of the relationship that linear relationship between T x and ∆H for cavity applies irrespective of the method used to prepare the amorphous alloy, provided that the crystallization process is diffusionlimited. This indicates that crystallization due to diffusionlimited mechanism gives only one linear relationship, and the alloys which yield the relationship should be treated in present model, i.e., the alloys in group (I). In contrast, the alloys belonging to group (II) crystallize presumably by the another mechanism, e.g., surface effect, which possibly occurs prepared by SQ or VD method. However, it is also to be noted that the group (I) contains some alloys prepared by VD, e.g., Au 40 Fe 60 alloy 12) whose T x is 813 K and ∆H for cavity is calculated as 110 kJ/mol, which satisfies the applicability of the relationship mentioned above.
Results
2) Thus, the equation between T x and ∆H for cavity was analyzed by the least squares method as T x = (5.25 ± 0.17) × ∆H for cavity + (168 ± 103) for 470 binary systems by excluding these plots belonging to group (II) from the populations. The same analysis was also performed for the ternary systems shown in Fig. 4 . The plots in Fig. 4 also can be classified into two groups (I) and (II). The group (I) contains alloys which are plotted densely around the center in Fig. 4 , and the group (II) contains the other alloys exemplified by Ag-Cu-Ge, Cr-Si-Zr and Fe-metalloid ternary alloys. After excluding 151 data belonging to group (II) from 548 ternary alloys, the equation between T x and ∆H Figure 6 shows the contour lines of T x experimentally obtained 98) and calculated in the present study. From Fig. 6 , the calculated results do not exactly coincide with those of the experimental data at each composition in the composition triangle. However, the minimum T x (= 405 K) is calculated at Al 23 La 60 Ni 17 , which is close to the experimental results (Al 10 La 70 Ni 20 : T x ≈ 420 K). Thus, the present calculation model can give appropriate minimum T x and its composition for alloys whose composition dependence of T x is rather simple.
Discussion
In this section, we will first focus on the following three points which arise by extending the model from binary to ternary system: (1) the comparison of the present model with the binary model, (2) the validity of the approximation of the present calculation model (3) the possibility of the different relationship between T x and ∆H for cavity due to multicomponent alloying. In addition, (4) the analysis of the glass-forming ability by reduced crystallization temperature, will be discussed.
Comparison of the present model with the binary
model Before comparing the relationships between ∆H for cavity and T x calculated by the binary and the present multicomponent model, one should note that there are three ways of concentration expression in eq. (2). As described in Section 2, we for binary alloys, which is just the same to the previous result, 4) when ∆H for cavity is calculated by using f B A .
Approximation of the present calculation model
In the course of extending the model from binary to ternary systems, we introduced the approximation which is expressed by the exponent term with respect to concentration in eq. (5). That is, the exponent of n = 10 was obtained empirically in the following three steps.
First, the exponent n was calculated for sub-binary systems in a ternary system. Figure 8 shows ∆H ted for comparison. The reason for selecting the La-Al-Ni ternary system in Fig. 8 , and also in Fig. 2 , is that the La-AlNi system gives one of the largest atomic size difference due to (V La , V Al , V Ni ) = (22.55, 10.00, 6.66) (unit in cm 3 ) among the ternary systems listed in a database. 10) In other words, the largest n-dependence of ∆H for cavity is expected in the La-Al-Ni system. In Fig. 8 , it is apparent that the c n B on the right-hand side of eq. When n = 50, the difference in ∆H for cavity can be seen only in the solute composition range less than 10 at%, and can be ignored because of a widely accepted concept that the nearly 10 at% solute atom is required for the formation of metallic glasses in a binary system. Thus, we reached the conclusion so far that the larger value of the exponent, at nearly n ≈ 50, is appropriate for evaluating ∆H for cavity for binary systems. Second, similar analyses were performed for a La 50−x/2 -Al 50−x/2 Ni x (0 ≤ x ≤ 100) pseudo-binary system. The curves of ∆H for cavity were again calculated for this system using the exponent n shown in Fig. 9 . When n < 10, the values of ∆H for cavity at the composition x = 0 were calculated as ∆H for cavity > 62 kJ/mol, which disagrees with ∆H for cavity = 62 kJ/mol calculated for La 50 Al 50 binary alloy by eq. (1). In contrary, ∆H for cavity 's for n ≥ 10 at x = 0 consists with ∆H for cavity = 62 kJ/mol. Consequently, we have the second result that n ≤ 10 appears to be appropriate for ternary system. The third step focuses on the slope of the relationship ∆H for cavity and T x shown in Fig. 7(b) . The slope is a function of the n in eq. (5), and was calculated as 4.9, 6.0, 6.5, 6.9, 7.0 and 7.0 for n = 1, 3, 5, 10, 20 and 50, respectively. This result indicates that n ≥ 10 is suitable for the present model.
From the results of the first, second and third consideration, we decided that n = 10 is an appropriate value for keeping the continuality of the present model with the Miedema's model. From Fig. 8 , the exponent value of n = 10 affects ∆H for cavity in the solute composition range less than 30 at%, and 
Different equations between T x and ∆H
for cavity due to multicomponent alloying As shown in Section 3, we obtained linear equations between T x and ∆H for cavity having different slope and intersection for ternary and binary systems. Comparing two equations, we obtained a tendency that the slope decreases from 5.25 to 4.07 (kJmol/K) −1 by extending the system from binary to ternary, while the intersection increases 168 to 362 K. Furthermore, the relation was analyzed as T x = 2.61 × ∆H for cavity + 456 for typical metallic glasses listed in Fig. 5 consisting of two categories: the ten alloys listed from the top (Fe 83 B 17 to Pd 40 Ni 40 P 20 ) whose glass-formation was precisely studied by Davies, 99) and the other eight metallic glasses which have been widely known to be formed in bulk shape.
1) The above relationship between T x and ∆H for cavity shows the smallest slope as well as the largest intersection values, supporting certainly the tendency. However, we cannot rule out the possibility that the tendency may be resulted from a less population of listed glasses. In order to clarify the difference between the binary and ternary systems, further analyses were performed in some ternary systems. Figure 10 shows the plots of T x and ∆H for cavity for the ternary systems whose compositions are expressed as A 100−x−y B x C y (x ≥ 0, y > 0). In Fig. 10 , the equations between T x and Table 3 Mixing enthalpy (∆H chem ) and elastic enthalpy (∆H elastic ) of the binary (x = 0) and ternary (x = x max ) alloys.
Alloy
ABC Alloy 
Ω ij : regular solution interaction parameter between i-th and j-th elements.
c i : concentration of i-th element, x max : maximum concentration of the third element for the formation of amorphous/glassy phase.
∆H
for cavity expressed in Figs. 3 and 4 for the binary and ternary systems are also plotted as visual guides. As indicated with arrows in Fig. 10 , the plots tend to increase in T x and/or decrease in ∆H for cavity with increasing the amounts of the additional element denoted by the figures. The increase in T x indicates the increase in thermal stability of the alloy since it can be interpreted that metallic glasses remain a non-crystalline state in higher temperature range. This interpretation is reported that the increase in stability of metallic glasses against crystallization is due to the following factors:
2) a reasonable negative heat of mixing and elastic energy. The former factor indicates that in alloys with a positive heat of mixing the pure components may cluster locally, giving rise to easy nucleation of pure metals or solid solutions.
2) The latter factor attributes to the consideration that elastic energy is appreciable for the solid solution but will be much smaller for the amorphous phase, which causes the unstability of the solid solution phase against amorphous phase.
2) In order to clarify the validity of the above factors for the explanation of the increase in amorphous state, mixing enthalpy and elastic enthalpy were calculated for the alloys listed in Fig. 10 . Table 3 summarizes the mixing enthalpy (∆H chem ) and elastic enthalpy (∆H elastic ) of the binary and ternary alloys shown in Fig. 10 . These calculation were performed on the basis of calculation method in our previous study. 100, 101) Table 3 . From these calculation results, it can be said that a reasonable negative heat of mixing was achieved by the addition of the third element, which plays a principle role for the increase in thermal stability of metallic glasses.
Analysis of glass-forming ability by reduced crystal-
lization temperature It has been empirically proposed that the following three criteria are required for the achievement of high glassforming ability:
1) (1) multicomponent alloy systems consisting of three elements or more, (2) significant difference in atomic size ratios, above about 12%, among the main three constituent elements, and (3) negative heats of mixing among their elements. The T x calculated by the present model should be affected by the glass-forming ability of metallic glasses because the second criterion directly relates with ∆H for cavity having a term of atomic volume ratio shown in eq. (5).
The glass-forming ability is experimentally estimated by reduced glass transition temperature (T g /T l ) where T g is glass transition temperature and T l is liquidus temperature. In addition to T g /T l , the glass-forming ability can be also evaluated by supercooled liquid region (∆T x ≡ T x − T g ). It is apparent that the most reliable method for the evaluation of glass-forming ability is to measure the above specific temperatures by thermal analysis. From a viewpoint of developing the new metallic glasses, however, we argue that the present model is useful for the "prediction" of the glass-forming ability because of the following thee reasons. The first reason is that T x can be calculated as a function of composition even for the multicomponent systems consisting of 73 elements.
2)
The second reason is that reduced crystallization temperature (T x /T l ) can be substituted for T g /T l for the prediction of glass-forming ability. The substitutability is supported by the experimental results that the maximum value of ∆T x has been obtained for Zr-Ni-Cu-Al metallic glasses as 124 K, 1) and is usually several tens of Kelvin for bulk metallic glasses. This magnitude of ∆T x allows us to use T x instead of T g in order to predict glass-forming ability by T x /T l instead of T g /T l . The third is that there is no theoretical model which is able to predict T g of metallic glasses.
In order to judge the applicability of the present model for the prediction glass-forming ability, the T x /T l was calculated for the metallic glasses found to date. Figure 11 shows T g /T l and T x /T l for the representative metallic glasses where T g was experimentally measured 102, 103) and T x was calculated in the present study. From Fig. 11 , the calculated values of T x /T l for Pt-, Pd-based system tend to be greater than those of T g /T l . In contrast, La-based systems including Ln-Fe-Al (Ln: lanthanide metal) show the opposite tendency. The other metallic glasses show good agreement between T x /T l and T g /T l . In particular, the values of T x /T l for Mg-and Zr-based systems coincide with those of T g /T l .
Since the T x was calculated by the relationship (T x = 4.16 × ∆H for cavity + 318), the underestimation of T x for Lnbased alloys can be said in other words as the underestimation of ∆H for cavity . The reason for the underestimation of the ∆H for cavity is presumably due to atomic size of the main component of a system. The metallic glasses in Fig. 11 are the Ln-, Zr-, Mg-, Pt-and Pd-based alloys having a atomic sizes of 3 ) , and the degree of underestimation of T x is La > Zr, Mg > Pt, Pd which is just the same to the above order. This indicates that the larger element tends to yields the greater overestimation of ∆H for cavity when the element is Fig. 11 The values of reduced glass transition temperature (T g /T l ) and reduced crystallization temperature (T x /T l ) for representative metallic glasses. The specific temperatures T g , T x and T l are the glass transition-, crystallization-and liquidus temperature, respectively. The values of T g and of T l were quoted from experimental results. 102, 103) the main component. This tendency can be confirmed in Fig. 7 for the La-Al-Ni system having (V La , V Al , V Ni ) = (22.55, 10.00, 6.66) (unit in cm 3 ) in the following explanation. (1) In both the Ni-La and Al-Ni sub-binary systems, any n value except for n = 1 gives better fit of ∆H for cavity to the ∆H for (at Ni site) at the Ni-rich composition side than that at the other (La or Al) side. In contrary, (2) the ∆H for cavity is inevitably smaller than the ∆H for (at La site) at the La-rich composition side at any n value in both the Ni-La and LaAl sub-binary systems. (3) At the Al-rich composition side, any n value except for n = 1 gives better fit of ∆H for cavity to the ∆H for (at Al site) in the La-Al sub-binary system, but the ∆H for cavity does not match to the ∆H for (at Al site) in the Al-Ni sub-binary system. These three explanation yields the result that the fitting-ability of ∆H for cavity to ∆H for (at its element site) is in the order of Ni > Al > La. The second explanation also indicates that the underestimation of ∆H for cavity is easy to occur at the La-rich composition side. It is concluded from these results that the larger element-base alloy system tends to yield larger underestimation of ∆H for cavity , which indicate the underestimation of T x . Although there exits some disagreement for the evaluation of glass-forming ability by using T x /T l , we obtained an important result that the glass-forming ability is roughly predictable by T x /T l .
Finally, the relationship between ∆H for cavity and T l is focused on. Figure 12 shows the relationship of ∆H for cavity and T l for the metallic glasses listed in Fig. 10 , together with the data for pure elements for comparison. The metallic glasses yield the for cavity for metallic glasses, are used to express the relationship for pure elements on the basis of the definition of the words. The different relationships between pure elements and metallic glasses imply that the T l and ∆H for cavity decrease simultaneously by multicomponent alloying from pure element to an alloy. The decreasing tendency of the T l and ∆H for cavity can be seen by comparing the plots between the 12 metallic glass denoted in Fig. 12 and its main constituent element. Furthermore, the relationship of the metallic glasses itself also tends decrease in T l with decreasing ∆H for cavity . This tendency is related to the increase in glass-forming ability due to the facts that the glass-forming ability parameter (T g /T l or T x /T l ) increases with decreasing T l , and that decrease in ∆H for cavity by multicomponent alloying was confirmed in Fig. 10 . Thus, it is of great importance to find that the decrease in ∆H for cavity is directly related to the decrease in T l .
The glass-forming ability has been usually evaluated by measuring T g and T l by thermal analyses. We can also obtain T l by referring to phase diagrams or using thermodynamical software. As for T g , one can also determine T g by measurement of viscosity (η) under the definition that η = 10 12 Pa·s at T = T g . However, there is no theoretical model for calculating T g . Therefore, it is of great importance that T x can be calculated by the semi-empirical model proposed in the present study without experimental data on viscosity and/or free volume. The present model can be a prototype for developing metallic glasses with computer-assistance in the near future.
Conclusions
The conclusions are derived from the present results and the discussion are summarized as follows.
(1 (3) The binary and ternary systems exhibit the linear relationship between T x and ∆H for cavity having the different slope and intersection. In the transition from the binary to ternary system, the slope decreases from 5.25 to 4.07 J·mol −1 ·K −1 , while the interception from 168 to 362 K. The difference is possibly due to a reasonable negative heat of mixing which plays a principle role for the increase in thermal stability of metallic glasses.
(4) The decrease in ∆H for cavity due to multicomponent alloying is directly related to the decrease in liquidus temperature, and thus the increase in the glass-forming ability.
(5) It is of great importance that T x can be calculated without experimental data on viscosity and/or free volume in the present study. This allows us to predict glass-forming ability using reduced crystallization temperature instead of reduced glass transition temperature for the development of new metallic glasses.
